The influence of Na+, Ca2+, La3+, and Fe3+ on the adhesion of Pseudomonasfluorescens H2 and H2S was investigated with interference reflection microscopy (IRM). IRM is a light microscopy technique which allows (i) visualization of the adhesive sites of living bacteria as they attach to a glass cover slip surface and (ii) evaluation of the bacterium-glass surface separation distance within a range of 0 to ca. 100 nm. The addition of each cation caused changes in IRM images consistent with a decrease in the separation distance, and minimum effective concentrations were as follows: Na+, 1 mM; Ca2+, 1 mM; La3+, 50 I,M; and Fe3+, 50 ,uM.
When bacteria in an aqueous suspension are exposed to a solid surface, many of those bacteria may adhere to the surface and become permanently attached. Investigators of bacterial attachment have attempted to determine the adhesion mechanism(s) of different bacteria or to test the effects of different environmental or physiological conditions on attachment (14) . However, there has been much variation in results from these studies with respect to the ability of different bacterial species, strains, or phenotypes to attach and the susceptibility of their adhesion to modifying factors. Because of this variation, it has been extremely difficult to determine the mechanism by which a given factor can modify the adhesion process.
Factors which influence attachment include those which influence the physicochemistry of adhesion, such as electrolyte species or concentration (10, 15, 17) , pH (17, 23) , temperature (4, 11) , and surface (3, 20) and medium (6, 16) composition. Also as important, but more difficult to elucidate, are factors which influence physiological processes related to adhesion (5, 18) , such as exopolymer production (24) . It With IRM, the darkness of the image of the attaching bacterium varies with its distance from the surface, so that maximum brightness is obtained at a distance approximate to X/4n (where is the wavelength of light used for illumination and n is the refractive index of the separating medium). In this study, A = 546, and n is estimated to be 1.34 (1) , so that the distance of maximum image brightness is ca. 102 nm. As the bacterium moves closer to the surface, the image becomes darker until it reaches maximum darkness at its closest approach to the surface.
IRM was developed to locate the adhesive sites on animal cells and to measure the distances between different areas of the cell surface and the adjacent glass substratum (2) . The technique has only recently been applied to the study of bacterial adhesion (7) . Those preliminary bacterial studies have now been extended to investigate the effects of electrolyte species and concentration on bacterium-substratum separation distance.
MATERIALS AND METHODS
Organisms and culture. The bacteria were Pseudomonas fluorescens H2, a wild-type strain which has moderate adhesion ability, and P. fluorescens H2S, a spontaneous mutant which has increased adhesion ability (21) . These were grown to early itationary phase in 50 ml of medium containing 0.1% peptone and 0.07% yeast extract, pH 7.4. The bacteria were harvested by centrifugation (7,710 x g) and suspended in an equal volume of distilled water. This gave a final density 'of about 108 cells ml-1; however, the density ot 1-2S varied considerably and was difficult to measure because of the tendency of these cells to flocculate.
Flow chamber. A flow chamber was constructed from three 18-mm, square, glass cover slips and a glass slide. One cover slip was supported on the other two, which lay flat on the glass slide about 8 mm apart. The cover slips were fixed in place with a cyahoacrylate adhesive (Elmer Wonder Bond Plus). Fluid could run by capillary action beneath the supported cover slip and between the two supports. Before use, to remove deposited adhesive volatiles, the chambers were cleaned by running detergent solution (Liqui-nox, 1% in distilled, deionized water; VWR Scientific) into the chamber, leaving this for ca. 5 min, and rinsing the chamber exhaustively with tap water and distilled water; strips of Whatman no. 1 filter paper (ca. 4 mm by 3 cm; Whatman, Inc., Clifton, N.J.) were then passed through the chamber to dry it.
Testing of electrolyte concentration. A portion of bacterial suspension was introduced into the chamber and inspected immediately for attaching cells by alternating IRM observations with phase contrast (Ph). First, an attaching cell was located and observed as progressively higher-concentration electrolyte solutions were introduced into the chamber by adding a few drops of solution at one opening of the chamber and drawing it through by touching Whatman no. 1 filter paper to the other opening. Any resulting changes were immediately noted and photographed. The bacteria were exposed to each solution concentration for ca. 5 min. Electrolytes and their concentration ranges were as follows: sodium chloride, 500 ,uM to 10 mM; calcium chloride, 200 1±M to 50 mM; ferric chloride, 50 to 500 pLM; and lanthanum chloride, 50 to 125 ,uM. The actual concentrations tested differed somewhat in successive experiments. Also tested were the influence of replacement of electrolyte with distilled water and the effect of pH 3.5 (distilled water adjusted with 1 N HCI), the latter to provide a comparison with ferric chloride solutions which had a reduced pH (ranging from pH 4.57 to 3.06 for 50 ,uM and 1 mM, respectively). The pH values of sodium, calcium, and lanthanum chloride solutions were similar at ca. pH 6.9 to 7.1. New chambers were set up for each electrolyte, and observations with each electrolyte were repeated at least four times with at least two separate batch cultures. Whenever the bacteria were not being observed or photographed, transmitted light and epi-illumination were blocked to avoid overheating the cells. 
RESULTS
Bacteria viewed by Ph appeared to be firmly attached to the glass cover slip when they were in the appropriate focal plane; that is they no longer exhibited motility or Brownian motion and were not removed from the surface when fresh distilled water was passed through the chamber. With IRM, these attached bacteria were visible as bright images (Fig.  la) , indicating that the cell surface was not in contact with the surface but was about 100 nm from the surface (maximum brightness is at ca. 102 nm).
The introduction of increasing concentrations of sodium chloride into the chamber caused immediate changes in IRM images consistent with movement of the bacteria toward the surface. This was indicated by the appearance of dark areas where the cell surface approached the glass. These areas were simnilar to those illustrated in Fig. le but somewhat less dark. With both P. fluorescens H2 and H2S, the dark areas first appeared at an NaCl concentration of 1 mM (data not shown). This effect was reversible with both H2 and H2S, because replacing the NaCl solution with distilled water caused the immediate disappearance of the dark areas and the return to a bright image, similar to that shown in Fig. lf .
With both strains H2 and H2S, increasing concentrations of calcium chloride caused changes in IRM images consistent with a decrease in cell-surface separation distance, and dark areas appeared at a concentration of 1 mM (data not shown). With H2, this effect was reversible, since the dark replaced with distilled water. However, with H2S, the strain with greater attachment ability, the effect was only partially reversible or irreversible. Similar results were obtained with lanthanum chloride (Fig. 1 and 2 ). Dark areas appeared with both H2 and H2S at lanthanum chloride concentrations of 50 ,uM. With H2, the dark areas disappeared with the replacement of electrolyte by distilled water (Fig. lf) , whereas with H2S, the dark areas persisted with all but a few cells (Fig.   2f ).
With both strains H2 and H2S, ferric chloride caused changes in IRM images consistent with a decrease in cellsurface separation distance, with the appearance of intensely dark areas at 125 p.M Fe3". This effect was not reversible with either strain in that the dark areas remained when the ferric chloride solution was replaced by water; The introduction of distilled water adjusted to pH 3.5 (with 1 N HCl) into the chamber caused the appearance of dark areas with both H2 and H2S; however, this effect was fully reversible upon replacement by distilled water. DISCUSSION IRM was developed by Curtis (2) to study the adhesion of tissue cells to glass. Since then, the technique has been used to observe the adhesion of fibroblasts (1, 12) , Dictyostelium discoideum (9) , and the soil amoeba Naegleria gruberi (19) ; only one published report deals with bacterial adhesion (7). 2, 8, 12) . Nevertheless, differences in film thickness (separation distances) ranging from 0 to ca. 100 nm appear as interpretable relative-intensity differences (12) . With the system used for this work, the maximum darkness of the image occurs when the bacterium is closest to the surface, whereas maximum brightness occurs at a separation distance of ca. 102 nm (1).
These IRM observations suggest that bacteria may be firmly attached at relatively large distances (ca. 100 nm) from the attachment surface. However, because of the apparent firmness of adhesion (i.e., no Brownian motion of cells and their resistance to flow during fluid exchange), this gap is probably bridged by an adhesive polymer. This indicates that polymer bridging may be important even at the very earliest stages of adhesion. Although previous isolations and analyses of cell surface components of P.fluorescens H2 and H2S (21) failed to detect any extracellular adhesive polymer, more recent transmission electron microscopic observations in my laboratory (M. M. Cowan, unpublished observations) indicate that cell-bound extracellular material, which might be involved in adhesion, is present on both strains H2 and
H2S.
It is not surprising that the addition of electrolyte solutions resulted in changes in IRM images indicating movement of the bacteria towards the surface, because the cations would cause a reduction in the repulsive force (i) between the negatively charged bacterial and glass surfaces (22) and (ii) between negative groups on the adhesive polymer, resulting in its condensation and drawing the cell in towards the surface. This effect would also be expected to be immediate (as occurred with all tested electrolytes) and to be reversible, as was found with sodium. Previous studies with amoebae (19) , fibroblasts (13) , and D. discoideum (9) demonstrated that a decrease in electrolyte concentration caused changes in IRM images consistent with an increase in cell-substratum separation distance. Moreover, Gingell and Vince (9) suggested that there was a cell coat material on D. discoideum which might be responsible for changes in cell-glass separation distance caused by imposed changes in electrolyte concentration, because the cell coat might shrink and swell with high and low electrolyte concentrations, respectively.
The addition of ferric iron had a marked effect in that quite dark areas appeared after its addition, and this effect was not reversible, even if the solution was immediately replaced by distilled water. The addition of 125 puM ferric chloride to water caused a drop to pH 3.5, and separate experiments demonstrated that such a pH change, even without the addition of cations, caused a decrease in separation distance. The separation distance between tissue cells and glass was also found to decrease after treatment with medium buffered at pH 3.6 (2). Such a decrease in pH would reduce dissociation of anionic groups, resulting in a decrease in electrostatic repulsion and allowing cells to move closer to the surface. Thus, the relatively firm binding induced by the addition of ferric chloride could have been the result of a combination of increased electrolyte and reduced pH.
If the electrolytes affected only electrostatic interactions, then calcium, a divalent cation, would be expected to be VOL. 170, 1988 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from more effective at reducing separation distance than sodium would be at the same concentration, and in turn, lanthanum would be more effective than calcium. Accordingly, lanthanum induced the formation of dark adhesive sites at a concentration of 50,uM, whereas with calcium a concentration of 1 mM was required. However, there was no difference in the concentrations of sodium and calcium required (1 mM) to induce the appearance of dark areas in the cells. Thus, either the cations were having additional effects which influence separation distance or the concentration of medium electrolyte was not being adequately controlled. Gingell and Vince (9) found that calcium was more effective than sodium (at the same concentration) at decreasing the cell-surface separation distance, but calcium and magnesium, which would be expected to be similar, had somewhat different effects. They suggested that this was due to different adsorption of these cations on one or both surfaces. The effects of magnesium were also tested in the present study, but the results were not consistently reproducible and thus are not reported.
The difference between strains H2 and H2S with respect to influence of calcium and lanthanum is particularly interesting because of the different attachment abilities of these bacteria (21) . Strain H2, the wild type, has a moderate attachment ability and may form a pellicle in liquid culture during log phase, but it is fully dispersed in suspension at early stationary phase, at which cells were harvested for these experiments. On the other hand, strain H2S, a spontaneous mutant, has a greater attachment ability, forms a pellicle and dense biofilm on the splash zone of the inside of the culture flask, and forms hard-to-disperse flocs in log-and stationary-phase cultures. These 
